. Brit. J. industr. Med., 29,[268][269][270][271][272][273]. Lung gas exchange in simple pneumoconiosis of coal workers. Indices of lung function and gas exchange, including some based on measurement of the arterial blood gases and physiological response to exercise, were obtained in 19 coal workers with simple pneumoconiosis of the pinhead or micronodular type, of whom 11 also had bronchitis. p-Type pneumoconiosis differed from the m-type in being associated with a smaller transfer factor, larger physiological deadspace relative to tidal volume (Vd/Vt), and increased ventilation during submaximal exercise. Vd/Vt was also raised in patients with bronchitis. The venous admixture effect (including physiological shunt) was within normal limits. Breathing oxygen increased Vd/Vt in patients with bronchitis but not with p-type pneumoconiosis. The findings are evidence for p-type pneumoconiosis being associated with abnormal function of the lung parenchyma; the changes are consistent with cystic lung.
evidence that this may be more marked in pneumoconiosis of the pinhead type as compared with the micronodular type (Worth, Muysers, and Siehoff, 1963) has recently been confirmed for maximal exercise by Frans (1970) . There is now good evidence that this difference is associated with lower values for the transfer factor (diffusing capacity) for carbon monoxide measured by the single breath method (Billiet and Ulburghs, 1966; Lyons, Clarke, Hall, and Cotes, 1967; Cotes, Deivanayagam, Field, and Billiet, 1972) . These changes constitute two components of the syndrome of defective gas transfer (Scadding, 1966) , of which the third is hyperventilation during exercise. The present study was planned to investigate this third component and also to look for other evidence of defective lung gas exchange in these patients.
Subjects and methods
The subjects were 19 coal workers with simple pneumo-coniosis of whom some also had category A progressive massive fibrosis. Their characteristics are listed in Table 11 . The subjects had previously experienced all of the procedures apart from arterial cannulation; they were contacted at their homes by a third party who explained the procedures and invited participation. An approach was also made to their general practitioners. Subjects who accepted were subsequently free to withdraw if they wished to do so. Loss of earnings was paid in full.
The chest radiographs at the time of assessment were read by three readers (W.P.A., W.G.C. and J.E.C.) for category of simple pneumoconiosis (1, 2 or 3 on the ILO classification (International Labour Office, 1959) ) also for the type of opacity which was read under four headings, namely p, mixed but predominantly p, mixed but predominantly m, and m. Subjects whose radiographs showed a reticular pattern were excluded. All the subjects had normal systemic blood pressure and were free from symptoms referable to the cardiovascular system. Bronchitis was diagnosed on the basis of answers to the MRC questionnaire on respiratory symptoms (Medical 'Data for individual subjects, of which the means are given in this and subsequent tables, may be obtained from the authors. Research Council, 1966) , in particular question 6 which takes the form 'Do you bring up phlegm like this (i.e., first thing in the morning, during the day or at night) on most days (or nights) for a smuch as three months each yearT? Measurements of lung function, including the forced expiratory volume and vital capacity, the single breath transfer factor for carbon monoxide, and its subdivisions (the diffusing capacity of the alveolar membrane and the volume of blood in the lung capillaries) were made on the day preceding the exercise study using standard methods (Cotes, 1968) . The physiological results were analysed with respect to type of simple pneumoconiosis, i.e., predominantly ptype or predominantly m-type; an allowance was made for the possible effects of variation between subjects in age, height, smoking habits, and presence or absence of bronchitis.
In the ward on the morning of the study a 4-cm Teflon catheter, internal diameter 10 mm (Longdwel, Beckton Dickinson), was inserted percutaneously into the brachial artery. In addition, in some subjects a miniature catheter, internal diameter 0 5 mm (Bradley, 1964) , was inserted via a venous catheter into the left median cubital vein and floated into the main pulmonary artery so that its tip lay about 6 cm above the pulmonary valve. Details of this procedure are available elsewhere .
Arterial blood samples were taken anaerobically into 10-ml ungreased glass syringes previously lubricated with heparin solution. Analysis for P02 was made within 10 minutes using an EIL electrode system calibrated before and after each measurement with gas mixtures analysed by the Scholanderitechnique. A predetermined correction factor of 1-075 was applied to readings of P02 to allow for the blood-gas difference of the oxygen electrode.
Ventilation was measured using a dry gas meter (Parkinson and Cowan) fitted with an optical integrator and counter which was read and reset each minute (Reynolds, 1968) ; the gas meter was positioned on the inspiratory side of the valve box and mouthpiece and was supplied with compressed air through a low-pressure demand system. On inspiration the suction required for a flow rate of 100 I/min was 1-5 cmH20 and on expiration at the same flow rate the back pressure was 3-7 cmH2O. The mean oral pressure at a ventilation minute volume of pipe from which a sample of mixed expired gas was drawn continuously through the gas analysers; these were, for oxygen, a Servomex OA137 paramagnetic analyser and, for carbon dioxide, a Hartmann and Braun URAS3 infrared analyser. The accuracy of analysis was that expected using these methods (Cotes and Woolmer, 1962) . Respiratory frequency was recorded on one channel of a Mingograf recorder using a thermistor mounted in the valve box; another channel of the recorder was used to monitor the cardiac frequency from electrodes applied to the chest.
Measurements were made with the subjects seated upright on a bicycle ergometer. Exercise was performed by all subjects at both 40 watts and at a higher work level; this varied between subjects but was, on average, 78 watts and 88 watts for the p and m subjects respectively. Air was breathed at rest and at all levels of exercise, oxygen at rest and at the highest level of exercise. The order of administration of air and oxygen was random.
At least 10 minutes was allowed between each period of measurement. In addition, when breathing oxygen the mixed expired nitrogen concentration was required to be less than 1% before resting measurements were made or exercise was begun. Following oxygen administration the next stage of the study was not begun until the mixed expired oxygen concentration had fallen to its initial value.
Measurements of ventilation and blood gas tension at rest were made between the eighth and twelfth minutes after connecting the subject to the mouthpiece. During exercise, which was of 6 minutes duration, samples of blood for estimation of the arterial blood gas tensions were taken during the fifth minute. For the other indices the means of the fourth and sixth minutes are reported.
From these data indices of uneven lung function were calculated, including the physiological deadspace expressed as a percentage of tidal volume (Vd/Vt), the venous admixture effect breathing air expressed as a percentage of cardiac output (Cva/Qt), and the pulmonary blood shunt breathing oxygen (Cs/Ct). In the calculations the tension of carbon dioxide in alveolar gas was assumed to be the same as that measured in arterial blood. The tension difference for oxygen between alveolar gas (calculated from the alveolar air equation) and blood leaving the alveolar capillaries was assumed to be 1 torr. Allowance was made for the deadspace of the valve box. Oxygen uptake was calculated at rest and for each minute of exercise breathing air; from these and related data graphs were constructed for ventilation minute volume and cardiac frequency on oxygen uptake and of ventilation minute volume on tidal volume. Best fitting lines were drawn by eye and used to obtain by interpolation the ventilation minute volume and cardiac frequency at an oxygen uptake of 1-0 1. min-' (VE,1-. and Cf1.o respectively) and tidal volume at a ventilation minute volume of 30 1. min-1 (Vt, 30).
Results
The subjects were found to have normal vital capacities; the mean levels for other indices were also within the normal range (Table 2 ). For subjects with predominantly m-type simple pneumoconiosis the residual volume both in absolute units and as a percentage of total lung capacity was greater than in the p-type cases (P < 0 05); however, the difference was mainly due to small variations in age and size between the subjects and disappeared when these were allowed for. The transfer factor in the men with p-type simple pneumoconiosis was, on average, 25-4 ml. min-' torr-1; this was significantly less than with m-type pneumoconiosis (mean difference 5-2 ml. min-' torr-1, P < 0(05). Similar but nonsignificant differences were observed for the transfer coefficient (transfer factor per unit lung volume 4-3 and 5 0 min-' torrf-respectively) and, to a lesser degree, for the subdivisions of the transfer factor, the diffusing capacity of the alveolar membrane (Dm 54 and 60 ml. min-' torr-' respectively) and the volume of blood in lung capillaries (Vc 56 and 64 ml respectively). The difference in transfer factor was not explicable in terms of minor differences in age, height or smoking habits between the groups.
The data for exercise ventilation and cardiac frequency are summarized in Table 3 . This shows that while the cardiac frequency for both groups of men was at or below the normally expected level, the exercise ventilation (VE,,.,,) was increased in the subjects with predominantly p-type simple pneumoconiosis. Analysis of variance showed that compared with m-type simple pneumoconiosis p-type pneumoconiosis increased the exercise ventilation at the oxygen uptake of 10 1. min-' by 6-7 ± 2 4 1. min-' (P < 0-02). There was no comparable difference attributable to bronchitis and no difference attributable to p-type pneumoconiosis at rest. On this account the regression coefficient of ventilation minute volume on oxygen uptake calculated from the data for rest and exercise at 40 watts breathing air was increased in the p-type cases (P < 0)05). The relationship of exercise tidal volume to minute volume (Vt, 30) was not materially different between the subject groups. The blood gas data and related indices are summarized in Table 4 ; this shows that the tensions of oxygen and carbon dioxide in arterial blood are, on average, at the normal level at rest and both levels of exercise. The venous admixture effect and alveolar to arterial tension difference for oxygen are also normal. The flow of blood through the physiological shunt is of comparable magnitude at rest and on exercise; on this account the ratio index Os/Qt is reduced on exercise. For none of these indices is there a significant difference between the several types of simple pneumoconiosis. By contrast, the physiological deadspace as a percentage of tidal volume is above average compared with normal subjects of this age and, while the level diminishes during exercise, the extent of the reduction is less Vo2 is consumption of oxygen.
'Significant difference between p-type and m-type pneumoconiosis.
than expected. Analysis of variance shows that both at rest and on exercise higher values for Vd/Vt are observed for subjects with bronchitis compared with those without and for subjects with the p-type compared with the m-type simple pneumoconiosis (P < 0 05). The changes associated with these two conditions are of similar magnitude, bronchitis alone increasing Vd/Vt by 10 9 ± 3-6% and p-type pneumoconiosis by 8-0 + 3.6%. When both conditions occur together their effect is additive and there is no evidence for interaction between them. The increase in deadspace associated with bronchitis but not that associated with p-type pneumoconiosis is augmented by breathing oxygen (mean changes for bronchitis + 4-7 %, range 0 to 11 %, and for ptype simple pneumoconiosis -04%, range + 10 to -9%). Measurements of exercise cardiac output and pulmonary arterial pressure were made on eight subjects, of whom four gave a history of persistent cough and phlegm, while four had no bronchitis. Six of the subjects had m-type and two predominantly p-type simple pneumoconiosis. In all subjects the pulmonary arterial mean pressure was normal at rest. In subjects with simple pneumoconiosis but no bronchitis the increase in pressure relative to the increase in cardiac output during exercise was similar to that reported by others for normal subjects. In subjects who had bronchitis as well as pneumoconiosis the pulmonary arterial mean pressure relative to cardiac output was consistently higher than in subjects without bronchitis; in addition, their pressure/flow curves were steeper and during moderate exercise did not show the normal tendency to level off to a constant pressure over a range of cardiac outputs which was a feature of the curves of 'For p and m subjects these were on average 78 and 88 W, oxygen uptake respectively 1 50 and 1-62 1. min-". 2Significant differences with respect to work levels, pneumoconiosis, and bronchitis.
3Significant difference with respect to work levels I B = without bronchitis c B = with bronchitis the non-bronchitic subjects. Further details of these results are given elsewhere ).
Discussion
The present subjects were in good health at the time of study and while a high proportion had simple chronic bronchitis (Medical Research Council, 1965) , few had recurrent episodes of chest illness. The ventilatory capacity, lung volumes, and transfer factor did not differ between those with and without cough and phlegm. This is consistent with the findings of other studies on clinically mild bronchitis in which abnormality was detected only by additional tests (Macklem, Thurlbeck, and Fraser, 1971 ). In the present instance bronchitis was associated with both an increase in physiological deadspace (Vd/Vt, Table 4 ) and pulmonary hypertension on exercise. For the subjects without bronchitis, the normal values we observed for pulmonary arterial pressure in relation to cardiac output are consistent with other more extensive studies on simple pneumoconiosis of coal workers (Kremer, 1970) . The lower transfer factor in simple pneumoconiosis of the pinhead than of the micronodular type confirms our earlier observation and is fully consistent with the other studies cited. The arterial oxygen tension and alveolar-arterial oxygen tension difference at rest and on exercise are within normal limits, which is evidence that the reduction in transfer factor is insufficient to exert any material influence upon gas exchange. The venous admixture effect is also normal. However, for subjects with p-type but not with m-type pneumoconiosis the arterial-oxygen tension difference at the highest work level is negatively correlated with the transfer factor (r = -09, P < 0-01). This suggests that these subjects may become susceptible to hypoxaemia in the event of any further reduction in TF. More marked changes at the present time might have been expected in view of the abnormalities observed by the Belgian workers. However, whereas in the earlier series (Brasseur, 1963) hypoxaemia was observed in association with simple pneumoconiosis both at rest and throughout exercise, in the latter series (Frans, 1970) hypoxaemia was observed only at a work rate of 120 watts; this is higher than the rates attained by the present subjects (on average 83 watts, oxygen uptake 1 56 1. min-"), so our findings and those of Frans are not inconsistent. The normal values for Pco2 at rest and their constancy during exercise are evidence that the alveolar ventilation was appropriate for the level of oxygen uptake. But the physiological deadspace as a percentage of tidal volume was, on average, higher than expected for normal subjects both at rest (Raine and Bishop, 1963 ) and on exercise (Asmussen and Nielsen, 1956 ).
An increase in physiological deadspace is due to some regions of the lung having a disproportionately large ventilation relative to perfusion. In patients with bronchitis the uneven ventilation is due to narrowing of airways and is partly compensated for by local pulmonary vasoconstriction, which has the effect of reducing the ventilation-perfusion inequality. On this account the pulmonary arterial pressure is increased, particularly during exercise , and the administration of oxygen, by relaxing the constricted pulmonary arteries, increases the physiological deadspace (Lee and Read, 1967) . In patients with m-type pneumoconiosis without bronchitis the physiological deadspace is within normal limits but in the p-type pneumoconiosis the physiological deadspace is increased. The change is of the same order as that associated with bronchitis but whereas in bronchitis the pulmonary arterial pressure is increased, in simple pneumoconiosis without bronchitis the pulmonary arterial pressure is usually within normal limits (Kremer, 1970; Field and Cotes, 1970) . Thus the mechanism of the increase in deadspace is likely to differ as between p-type simple pneumoconiosis and bronchitis, except when the two conditions coexist. The enlarged deadspace in the p-type cases may alternatively be due to expansion of airways which, in the form of focal emphysema, has for long been associated with simple pneumoconiosis (Gough, James, and Wentworth, 1949) and, as recent evidence suggests, occurs in the pinhead rather than the micronodular type of the condition (Ryder, Lyons, Campbell, and Gough, 1970; Rossiter, 1970) .
The presence of expanded respiratory bronchioles (centrilobular emphysema) would add a serial deadspace between the terminal bronchioles and the alveoli. In these circumstances the maintenance of a normal alveolar ventilation would necessitate an increase in minute ventilation. This pattern of function is consistent with our findings of a normal tension for carbon dioxide in arterial blood in pinhead pneumoconiosis but an increase in minute ventilation compared with micronodular cases.
The enlargement of airspaces might also disturb the balance of ventilation to perfusion in the primary lobules served by the affected airways. However, whereas with narrowing of airways, disturbance to ventilation perfusion ratios would be inevitable unless corrected by vasoconstriction, with enlargement of airspaces the disturbance might be minimal in the early stages. That this is so in the present instance is suggested by absence of evidence for compensatory vasoconstriction including no pulmonary hypertension on exercise and no increase in physiological deadspace during oxygen breathing.
The reduction in transfer factor in pinhead pneumoconiosis, unlike the increases in deadspace and exercise ventilation, cannot be explained solely on the basis of enlargement of airways. The reduction suggests a partial loss of function of gas exchanging tissue of the lung, for example, those alveoli which open off the affected respiratory bronchioles. The impairment might take the form of (1) an increase in the path length for diffusion in the gas phase due to absence of ventilation, but for this there is no evidence, (2) destruction of alveoli or compression of interalveolar capillaries secondary to enlargement of airspaces, and (3) thickening of interalveolar septa by fibrous tissue and its precursors. The histological evidence on which to decide between these alternatives is so far incomplete but both the latter processes may contribute (Lyons, 1970 personal communication; Wagner, 1971 ).
Thus the present findings of an increase in physiological deadspace leading to an increase in exercise ventilation in p-type simple pneumoconiosis provide further evidence in this condition for impaired function of the lung parenchyma. The changes, by increasing the ventilatory requirement for exercise without a comparable increase in ventilatory capacity, may be expected to lead to patients with p-type pneumoconiosis experiencing greater breathlessness on exertion than those with m-type opacities of comparable profusion; the magnitude of the subjective effect has still to be established. Its influence upon exercise capacity may be assessed very approximately in terms of the highest work levels at which measurements were made in the two groups of subjects (78 W, 02 uptake 1 50 1. min-' and 88 W, 02 uptake 1 63 1. min-' respectively). The physiological features of p-type pneumoconiosis are consistent with cystic lung; the exact nature and natural history of the abnormality have still to be established by longitudinal study.
